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Abstract. A campaign devoted to stratosphere-troposphere
exchange mechanisms studies has been held on 4–5 March
1995, during a tropopause folding passage over western Eu-
rope. The observational network included 1 UHF and 3 VHF
radar, 1 temperature lidar, and 1 ozone lidar, deployed in the
south of France. The fold is associated with a strong quasi
meridional jet stream running along the west side of an up-
per level trough forming a potential vorticity (PV) anomaly.
During this campaign, the PV anomaly is advected east-
wards without major deformations, with an average velocity
of about 30km per hour. Therefore, a frozen ﬁeld hypoth-
esis has been used in order to compare the results obtained
in the different sites of the network. Under this hypothe-
sis, the same structures associated with the anomaly are ob-
served by each radar or lidar, at the same time relative to
this anomaly. The fold is put into evidence by the ozone li-
dar of the network and by the VHF radars when computing
the aspect ratio. The turbulent activity observed by the OHP
VHF radar and by the high resolution UHF PROUST radar
(30m altitude resolution) is concentrated in the wind shear
regions generated by the jet stream above and below its axis.
In the lower level wind shear, turbulent layers are detected
within the fold and across its anticyclonic boundary, thus al-
lowing turbulent exchanges with the tropospheric air masses.
A large area of aspect ratio greater than 3 is observed in the
troposphere during more than ten hours after the passage of
the fold by the VHF radars. This particular signature is ten-
tatively analyzed as the progressive dilution of air masses of
stratospheric origin extruded from the fold by the turbulent
processes. In the upper level wind shears, turbulent layers
parallel to the wind isotachs are observed, whose thickness
is often smaller than 100m and are separated by non turbu-
lent regions. A good correlation is found between the spatio-
temporal evolution of these turbulent structures observed by
the PROUST radar, and the stability structures observed at
the same relative time by the temperature lidar. In addition
the same turbulent structures are observed to be parallel to
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the iso-phase lines of the wind ﬂuctuations, observed at the
same relative time by the Lannemezan radar. These charac-
teristics are compatible with the presence of unstable inertia-
gravity waves, generated by the jet stream while the turbulent
layers could be the signature of their saturation processes.
Key words. Atmospheric composition and structure (evolu-
tion of the atmosphere) – Meteorology and atmospheric dy-
namics (middle atmosphere dynamics; turbulence)
1 Introduction
Several campaigns have been organized in France for three
years (1993–1995) in order to better characterize the atmo-
spheric exchange mechanisms that take place across the tro-
popause level during tropopause folding (TF) and cutoff lows
(COL) events at the regional scale. The experimental net-
work included a set of ST radar and lidar, located in the
South of France. The concept of Intensive Observation Pe-
riod (IOP) was used, in conjunction with the activation of
the network when a relevant COL or TF was forecasted over
the network area by the operational models (ARPEGE and
ECMWF). In this network, three VHF radar and one UHF
(961 MHz) radar were involved, the characteristics and lo-
cation of these radar are summarized in Table 1. The net-
work also included one UV DIAL ozone lidar and one Ra-
man temperature lidar, located at the Haute Provence Obser-
vatory (OHP). Their height and time resolution were 400m
and 10 minutes, respectively.
Three papers about the results obtained during these cam-
paigns have already been published: the ﬁrst one (Camp-
istron et al., 1999) studies the aspect sensitivity of VHF radar
echoes obtained during the passage of a cutoff low by the
Lannemezanradar; thesecondone(Ravettaetal., 1999)com-
pares the temperature and wind ﬁeld measurements obtained
in the Haute Provence Observatory in a tropopause fold with
a mesoscale model; the third one (Caccia et al., 2000) as-
sesses the monitoring of cutoff lows and tropopause folds by954 F. Bertin et al.: Mixing processes in a tropopause folding
Table 1. Main characteristics of the network and advection time of the PV anomaly between the different sites
Radar Coordinates Frequency Mean Power Resolution T0
(MHz) (W) Range (m) Time (min) (UTC)
Lannemezan 43◦080 N, 00◦220 E 45 800 375 4 04
PROUST 44◦300 N, 02◦080 E 961 1000 30 1 09
Hte Prov obs 43◦540 N, 05◦480 E 72 720 375 4 18
Toulon 43◦100 N, 05◦550 E 45 800 375 4 18
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Fig. 1. ECMWF analysis on Saturday, 4 March 1995. Potential vorticity on the 300 hPa isobaric surface at 0600 UT (left), 1200 UT (center)
and 1800 UT (right).
the aspect ratio derived from the radar measurements.
The present contribution is aimed to compare during a
tropopause fold event the results obtained by the VHF radar,
UHF radar, ozone and temperature lidar with the European
Center for Medium-Range Weather Forcasting (ECMWF)
model outputs, in order to better understand: (i) the physics
of the radar measurements, (ii) the mechanisms involved
in the turbulence onset along the fold borders and at the
tropopause level, possibly giving rise to air mass exchanges
between the troposphere and the stratosphere. The main dif-
ﬁculty that arises when comparing the observations obtained
by the network is that the same tropopause folding event is
successively observed by the different radar sites. The com-
parison is valid only if the different meteorological ﬁelds as-
sociated with the fold do not signiﬁcantly change along their
advection. Therefore, the second section of this contribution
is devoted to the assessment of the frozen ﬁelds hypothesis
applied to the fold during its passage over the network. In the
third section, the observation of the fold by the ozone lidar is
compared with the sigal-to-noise ratio, observed by the OHP
radar and with the spatio-temporal evolution of the aspect ra-
tio estimated from the Lannemezan and Toulon VHF radar.
In Sect. 4, the turbulent ﬁeld observed by the high resolution
PROUST radar is compared with stability structures detected
in the same regions of the fold by the OHP temperature lidar.
In an attempt to tentatively understand the similarity of the
structures observed by both instruments, Sect. 5 is devoted
to the analysis of the wind ﬂuctuations observed by the Lan-
nemezan radar, in terms of inertia-gravity waves. Finally,
in the conclusion, a synthesis of the results obtained is pre-
sented and its comparison with previous work is discussed.
2 Meteorological context and assessment of the frozen
ﬁelds hypothesis
On 4 March 1995, the meteorological situation shows the
presence of a N-S upper level trough, forming a Potential
Vorticity(PV)anomaly, rapidlyadvectedeastwardoverwest-
ernEuropewithoutmajordeformations, asobservedinFig.1,
where the (PV) maps on the 300 hPa surface at 0600, 1200
and 1800 UT, derived from the ECMWF model analysis,
clearlyindicateapureeastwardadvectionofthePV anomaly.
The use and signiﬁcance of potential vorticity maps, as well
as the PV unit (1 PV unit = 10−6 m2 s−1 K kg−1) are de-
scribed in Hoskins et al. (1985).
The eastward advection velocity of the anomaly, derived
from Fig. 1, is found to be about 30–32km/h at 40◦ latitude
north. Alongthewesternsideofthisanomaly, astrongnorth-
south jet stream is running. An upper level frontogenesis as-F. Bertin et al.: Mixing processes in a tropopause folding 955
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Fig. 2. ECMWF Analysis. Wind ﬁeld on the 300 hPa isobaric surface, on 4 March 1995 at 0600 (left); 1200 (center) and 1800 UTC (right).
The four stars indicate the geographical location of the radars.
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Fig. 3. (Left): Comparison of the meridional wind ﬁeld mea-
sured on 4 March 1995 by the Lannemezan radar with the ECMWF
meridional wind ﬁeld in a west-east vertical cross section contain-
ing the radar site for the same day at 1800 UTC. (Right): Same
comparison with the wind ﬁeld measured by the OHP radar. The
horizontal (blue) and vertical (red) lines indicate the region where
the wind shears S are greater than 10−2 m−1 in the ECMWF model
and for the observed wind ﬁeld, respectively.
sociated with the jet stream is expected to cause a folding
of the tropopause at the western ﬂank of the trough. During
its eastward advection, the wind ﬁeld associated with the jet
stream, which is supplied by the European model (ECMWF),
is shown in Fig. 2. One might notice that although the jet-
streamisadvectedwiththesamevelocityasthePV anomaly,
its intensity decreases after 1800 UTC, so that it cannot be
said that the wind is a frozen ﬁeld over the whole day. How-
ever, it will be seen in the following section that the wind
shears generated by the jet stream may be considered as a
frozen ﬁeld.
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Fig. 4. Ozone mixing ratio (ppb) averaged over 10 minutes. Also
drawn, three isentropes (300, 310 and 320 K) derived from the Ra-
man lidar measurements and the observed wind ﬁeld.
2.1 Comparison of the wind observations with models
In Fig. 3, the wind ﬁeld derived from the ECMWF model
output at 1800 UT is compared with the wind observations
performed at Lannemezan and OHP radar (the western and
eastern radar of the network, respectively).
InordertoperformthiscomparisonbetweenECMWFmo-
del and observations, the time coordinate of the radar cross
section has been inverted (time is running from right to left),
and converted into longitude by assuming a pure frozen east-
ward advection of the wind ﬁeld with an average velocity of
30km per hour. The black vertical lines positioned at 1800956 F. Bertin et al.: Mixing processes in a tropopause folding
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Fig. 5. Time-height cross section of: (a) the atmospheric stability N2 (s−2) deduced from the temperature ﬁeld measured by the OHP Raman
lidar, and (b) the signal-to-noise ratio (in dB) measured along the vertical by the OHP VHF radar. Also drawn for comparison is the observed
wind ﬁeld (in blue), the 60 ppm ozone iso-line, measured by the ozone lidar (in black), and in green, the potential vorticity iso- lines PV = 1
(as a tracer of the fold) and PV = 3.5 · 10−6 m2 s−1 K kg−1 (as a tracer of the thermal tropopause) deducted from the ECMWF model.
UT indicate the longitude of both radars (Lannemezan and
OHP). The wind intensitiesmeasured at1800UTby the Lan-
nemezan and OHP radar along these vertical lines are closely
related to the ECMWF wind intensities at the same time and
same longitude. For the other longitudes a good agreement
between measured and ECMWF model wind ﬁelds may be
noticedatLannemezan, conﬁrmingthevalidityofthe“frozen
ﬁeld" hypothesis before 1800 UT on 4 March 1995. For the
OHP radar, a quasi uniform decrease of the wind ﬁeld in-
tensity of about 10 m/s is observed after 1800 UT. However,
this decrease does not signiﬁcantly change the value of the
observed wind shears, which are found to be quasi compara-
ble with the model’s wind shears.
As a conclusion, these comparisons conﬁrm the validity
of the frozen ﬁeld approximation for the wind ﬁeld observed
on 4 March, before 1800 UT, while the wind shears may be
considered as a frozen ﬁeld up to 0600 UT on 5 March. So
the observations do at two different sites in the network may
be directly compared, under the above limitations, when the
corresponding time shifts are taken into account. Moreover,
the good agreement between measured and model simulated
wind ﬁelds and/or wind shears allows us to use the model re-
sults (wind, temperature, stability, PV ﬁelds) within the tem-
poral limits deﬁned above, in order to improve the analysis of
the results obtained by the radars and lidars of the network.
2.2 Deﬁnition of a time relative to the fold and estimate of
the time shifts
As the wind ﬁeld is eastward advected without major defor-
mation up to 1800 UT on 4 March, the isotach 40 m/s suc-
cessively crosses over each radar of the network at time T0,
given in the last column of the Table 1. The time T0 will
be taken as the reference time relative to the anomaly ob-
served by each radar. Under the “frozen ﬁelds" hypothesis,
the structures generated by the anomaly will be observed by
the radars and lidars at the same relative time with respect to
T0. The corresponding times shifts are easily estimated from
the knowledge of T0 for each site.
3 Detection of the tropopause folding
3.1 Detection by the ozone lidar
The passage of the tropopause folding above the Haute Pro-
vence Observatory is observed on 4 March between 16:30
and 24:00 UTC, as shown in the Fig. 4, where the ozone mix-
ing ratio measured by the ozone lidar exhibits the presence
of a downward tongue of high mixing ratio values, whose al-
titude decreases as a function of time. It must be noted that
the upper level frontal zone roughly follows the lower border
of the ozone tongue (iso mixing ratio O3 = 60 ppm). Also
in the same ﬁgure are three isentropes, 300, 310 and 320 K,
derived from the temperature measurement obtained by the
Raman lidar, and the wind ﬁeld observed by the OHP radar.
Within the fold, the ozone mixing ratio is higher than in
the troposphere, but lower than in the stratosphere, suggest-
ing that mixing processes have already occurred. Quasi hor-
izontal expansions of this tongue along the isentropes 300,
305 and 312 K are observed, and might be the signature, as
suggested by Danielsen et al. (1991), of irreversible transportF. Bertin et al.: Mixing processes in a tropopause folding 957
of stratospheric air masses along the isentropes by saturated
internal gravity waves of short vertical wavelength. We shall
see in Sect. 5 that generation of such unstable waves by the
jet stream is possible.
3.2 Detection by the OHP VHF ST radar and Raman lidar
The atmospheric stability structures (squared values of the
Brunt Vaisala frequency), observed by the Raman lidar at
the Haute Provence Observatory, are shown in Fig. 5a, while
the vertical signal-to-noise ratio, observed by the OHP VHF
radar, is given in Fig. 5b. In Fig. 5a, the contours for N2 = 2
and 3·10−4 s−2 are drawn (in black), while in Fig. 5b, the ob-
served wind ﬁeld, the 60 ppm ozone iso-line, and the poten-
tial vorticity iso-lines PV = 1 and PV = 3.5 · 10−6 m2 s−1
K kg−1, deduced from the ECMWF model are drawn. It may
be recalled that the iso-line PV = 3.5 is often considered as a
good tracer of the thermal tropopause (Hoerling et al., 1991;
Ovarlez et al., 1999). It may be noted in Fig. 5b that the
wind shear regions associated with the jet stream (observed
in the altitude ranges 5–7km and 9–11km) exhibit maxima
in the vertical signal-to-noise ratio, while stability maxima
in Fig. 5a are primarily observed in the upper wind shears,
above the thermal tropopause.
AgoodcorrelationisfoundbetweentheshapeofthePV =
1 iso-line and the lower limit of ozone tongue structure ob-
served by the ozone lidar (Fig. 4) and drawn for comparison
in Fig. 5b. This correlation has already been noted and an-
alyzed by Ravetta et al. (1999), and previously by Langford
et al., 1996 and by Beeckmann et al., 1994. By virtue of the
impermeability theorems for potential vorticity proposed by
Haynes and McIntyre, (1990), only turbulence may transport
stratospheric air particles from the fold across the PV = 1
surface. As a matter of fact, in this region, maxima of the
radar response are primarily caused by the turbulent activity,
and are locally enhanced by partial reﬂection mechanisms.
Turbulence is observed within the fold along the wind shears
andisfoundtostraddleitsanticyclonicedge. Moreprecisely,
three turbulent layers are observed to approximately follow
the three quasi horizontal expansions of the fold along the
isentropes 300, 305 and 312 K, already shown in Fig. 4. The
same region is found to exhibit maxima in the oblique radar
response at OHP and Toulon sites, with C2
n values of the or-
der of 10−16 m−2/3.
On the other hand, in the upper wind shear region (9–
11km altitude), just above the thermal tropopause, a tilted
layer of strong signal-to-noise ratio is observed by the radar,
whose altitude increases from 8.5km at 1900 UT, to 11km
nine hours later, and is found to closely follow the iso-line
PV = 3.5. The same tilted layer is also observed by the Ra-
man lidar in the same altitude range as a region of high atmo-
spheric stability (Fig. 8a), with N2 values close to 10−3 s−2
over altitude ranges of some hundred metres. This good cor-
relation between high atmospheric stability and vertical echo
power could be considered as possibly resulting from par-
tial reﬂection mechanism, as remarked by many authors (e.g.
Green and Gage, 1980; Gage et al., 1985; Tsuda et al., 1988;
Dalaudier et al., 1989, Chu et al., 1990; Luce et al., 1995).
However, it must be noted that the same region is also ob-
served by the OHP and Toulon radar as a zone of enhanced
radar echo power in the oblique direction. Therefore, both
partial reﬂection and 3D turbulence are probably observed
in this region. Presence of turbulence in this upper wind
shear region is conﬁrmed when comparing these results with
those obtained in the same region by the high resolution UHF
PROUST radar, generally considered not sensitive to partial
reﬂection mechanisms. This comparison is possible, as em-
phasized in Sect. 2 (Fig. 3), because the wind shears associ-
ated with the jet stream may be considered as a frozen ﬁeld.
This point is developed in Sect. 4.
3.3 Detection of the fold by the aspect sensitivity obtained
from Toulon and Lannemezan VHF radar measure-
ments
The so-called aspect sensitivity, or aspect ratio (AR) of
VHF radar measurements is the vertical-to-oblique beam-
returned power ratio. This quantity is related to the zenith
angle dependence of the backscattered power and spectral
width. Strong AR are primarily found in the stratosphere,
where the vertical echo power is enhanced by the specular
reﬂection on stable layers (Gage and Green, 1978; Hocking
et al., 1990; Woodman and Chu, 1989; Yoe et al., 1994).
However, as noted by Röttger (1980), the presence in the
same radar gate of both stable layers and strong isotropic
turbulence may signiﬁcantly decrease the AR. Neverthe-
less, the aspect ratio has been frequently used to monitor the
frontal zones, tropopause foldings and cutoff lows (Larsen
and Röttger, 1985; Fukao et al., 1989; Crochet et al., 1990;
Neiman et al., 1992, Campistron et al., 1999). Caccia and
Cammas (1998) propose a monitoring of the folds and cutoff
lows, in which the air masses of stratospheric origin (with
high static stability) are deﬁned by AR > 3. This method is
used in Caccia et al. (2000) for analyzing three cooperative
campaigns involving the French radar network and discrimi-
nate between stratospheric and tropospheric air masses.
The time-height cross sections of the aspect ratio obtained
by the Toulon and Lannemezan radar on 4 March 1995, is
shown in the Figs. 6a and 7a, while the ECMWF static stabil-
ity (N2) in the same cross sections, are shown in Figs. 6b and
7b. For comparison, the iso-line PV = 1 PV unit (derived
from the ECMWF analysis), and the wind ﬁeld (in m/s) ob-
served by the Toulon and Lannemezan radar are also drawn.
As already mentioned above and observed in Fig. 5b, the
PV = 1 iso-line is found to be a good tracer of the lower
limit of the tropopause folding. It may also be easily veri-
ﬁed, as mentioned in Sect. 2 (and in the last column of the
Table 1), that a time shift of about 14 hours of the PV = 1
iso-line, shown in Fig. 7b, leads to a rather good coincidence
with the PV = 1 iso-line, shown in Fig. 6b, thus conﬁrming
the frozen ﬁeld hypothesis for the PV structures.
The AR > 3 region, appearing in Figs. 6a and 7a, whose
altitude decreases as a function of the time, is observed after
the passage of the fold, and extends beyond its lower limit.958 F. Bertin et al.: Mixing processes in a tropopause folding
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Fig. 6. Time-height cross section of (a) the Toulon VHF radar as-
pect ratio (AR) and (b) the ECMWF model static stability on 4 and
5 March 1995. Also drawn in (a) and (b) is the wind ﬁeld (in m/s),
observed by the Toulon radar, and the potential vorticity iso-line
PV = 1 PV units (black line), deducted from the ECMWF model
analysis which has been found (in Fig. 5) to be a good tracer of the
fold.
The stratospheric air within the fold is not detected by the as-
pect ratio method because its value is weakened in this region
by the turbulence, as observed in Fig. 5. Another highly tur-
bulent region is observed (Fig. 6a) in the upper level wind
shears (along the isotachs 40–50 m/s) between 20 UT on
March 4, and 06 UT on 5 March, and also leads to a strong
decrease of the aspect ratio. This region corresponds well to
the tilted layer observed just above the thermal tropopause
on the OHP radar and lidar responses (Fig. 5a and 5b). On
the other hand, the “AR > 3 tongue", observed on the anti-
cyclonic side of the fold, is well correlated with the ECMWF
static stability (N2) model shown in Figs. 6b and 7b. In these
last ﬁgures, the PV = 1 potential vorticity iso-line, deduced
from the ECMWF model, is also drawn as a tracer of the
fold.
When analyzing these results, it appears that the strato-
spheric air masses, rich in ozone, are conﬁned (as seen in
Fig. 4) within the area delimited by the iso-line PV = 1. On
the outside of this limit, the ozone mixing ratio is close to tro-
pospheric climatological values. However, AR > 3 regions
observed in the Figs. 6a and 7a, after the passage of the fold
and below the jet stream axis, are the signature of air masses
of stratospheric origin, also observed in Figs. 6b and 7b, as
region of high atmospheric stability. In order to solve this ap-
parent contradiction, one could be tentatively supposed that
these regions of potential vorticity smaller than unity have
been included within the troposphere by diabatic processes
(Lamarque and Hess, 1994). In this region, ozone and po-
tential vorticity are progressively destroyed by latent heat re-
lease inside clouds, whose presence are apparently observed
by the PROUST radar.
However, this hypothesis also implies that stratospheric air
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Fig. 7. Same as in Fig. 6, but for the Lannemezan radar. For com-
parison, the wind ﬁeld measured by the Lannemezan radar and the
iso-line PV = 1·10−6 m2 s−1 Kkg−1, deductedfromtheECMWF
model analysis are also drawn.
masses have been transferred into the troposphere through
the PV = 1 surface. As speciﬁed above, only the turbu-
lence is able to give rise to such transfers. In Figs. 5b and
6a, the fold is observed to occur in a region where the wind
shear S, generated by the jet stream, is locally greater than
2 · 10−2 s−1. Taking into account the static stability N2,
which is given in the same region by the Raman lidar and the
ECMWF model, it may be concluded that the Richardson
number Ri = N2/S2 is probably smaller than 0.25 within
the fold: a condition for turbulence onset. The turbulent mix-
ing thus occurring is generally considered as a mechanism
for the exchange between the stratospheric and tropospheric
air masses (Shapiro, 1980). The energy dissipation rate ε and
the vertical turbulent diffusivity Kz have been tentatively es-
timated in this region from the C2
n values obtained by the
Toulon radar measurements and knowledge of the static sta-
bility N2 (Gage et al., 1980; Doviak and Zrnic, 1983; Bertin
al., 1997; Dole and Wilson, 2000). When neglecting the hu-
midity, Kz values of approximately Kz = 0.1 m2s−1 are
found. Higher values (0.3 < Kz < 1 m2s−1) have been
obtained with the PROUST radar (see Sect. 4) in turbulent
layers positioned just above the thermal tropopause. For an
isotropic turbulence, the same values hold for the horizon-
tal diffusivity Ky. Another possible transfer mechanism may
also appear in wind shears regions: irreversible quasi hori-
zontal transports induced by unstable inertia-gravity waves
of short vertical wavelength (Danielsen, 1991). This mecha-
nism has already been mentioned above, when analyzing the
time-height cross section of the ozone mixing ratio (Fig. 4)
as observed by the OHP ozone lidar. The decaying hori-
zontal amplitude of such unstable waves and the generated
turbulence might induce a horizontal diffusivity Ky much
higher than for the conventional 3D turbulence. Experimen-
tal in situ measurements on horizontal diffusion of aircraft
exhaust plumes near the tropopause (Schumann et al., 1995)F. Bertin et al.: Mixing processes in a tropopause folding 959
 
 
Fig. 8. Time-height cross section of the structure constant C2
n ob-
served by the PROUST radar with a 30m altitude resolution. Also
drawn: the wind isotachs (m/s), and the iso-lines PV = 1, giving
the lower limit of the fold and PV = 3.5·10−6 m2 s−1 K kg−1, of-
ten considered as a good indicator of the thermal tropopause. This
additional information is derived from the ECMWF model. The
lack of data between 20:00 and 20:45 UTC is due to an interruption
of the radar transmitter.
have shown that Ky could reach values of approximately 20
m2s−1. However, the same study shows that the lateral dis-
persionoftheplumesisweaklydependentonKy andisdom-
inated by wind shears and vertical diffusivity. The lateral
plume width has been found to grow with 1y = (2tKy +
2KzS2t3/3)1/2 (where t is the time delay in seconds). When
using this semi empirical formula, with the observed val-
ues of S, and with Kz = 0.1 m2s−1, a lateral expansion
1y = 50km during a time interval of 12 hours is obtained,
while 1y = 150km is obtained with Kz = 1. This last value
seems to be in better agreement with the observed lateral ex-
pansion of the observed AR > 3 region for about 12 hours
after the passage of the fold over the radar sites (see Figs. 5a
and 6a).
4 Turbulent ﬁeld observed by the high resolution
PROUST radar and comparison with the OHP
lidar results
The main interest of the frozen ﬁeld hypothesis validation,
presented in the ﬁrst section, is to make possible the compar-
ison between VHF radar and lidar observations of the fold
(shown in Figs. 4 and 5) and the results obtained in the same
wind shear regions by the high resolution UHF PROUST
radar (30m altitude resolution) observing along the vertical
direction. More precisely, we shall try below to better un-
derstand the structure of the turbulent layers observed in the
wind shears by using the frozen ﬁeld hypothesis.
Wemustﬁrstanswerthefollowingquestion: arethepartial-
specular reﬂection mechanisms (also termed Fresnel reﬂec-
tion) possible with the UHF PROUST radar, whose wave-
length is λ = 0.3 m? It is recalled that the Fresnel reﬂec-
tion is caused by vertical temperature gradients for scales of
the order of half the radar wavelength, that have a horizon-
tal dimension comparable to the ﬁrst Fresnel radius, and are
long lived. For the PROUST radar, the scale of temperature
gradients allowing partial reﬂections should be of the order
of 0.15m, with an horizontal expansion greater than 55m
(value of the ﬁrst Fresnel zone radius at 10km altitude). In
situ temperature measurements in the troposphere and strato-
sphere (Dalaudier et al., 1994; Muschinski et al., 1998) show
the presence of submeter temperature sheets, which could
fulﬁlltheﬁrstconditionforprovidingpartialreﬂectionmech-
anisms with the PROUST UHF radar. However, high res-
olution balloon-born measurements, using several tempera-
ture sensors 1m apart horizontally and vertically (Dalaudier
et al., 1994), show that the lateral expansion of such small
scale temperature gradients is of the order of a few meters
and is generally not horizontal. Thus, the second conditon
above mentioned for partial reﬂection onset seems not to be
satisﬁed. We shall conclude that the PROUST radar only
observes (at least in the stratosphere) the turbulent ﬂuctua-
tions of the refractive index of the atmosphere. However,
in the troposphere, the contribution of the hydrometeor re-
sponse (clouds, rains, drizzle, snow and hail) may become
predominant at this frequency.
The time-height evolution of the structure constant C2
n, ob-
served by the PROUST radar, is shown in Fig. 8. Unfortu-
nately, the radar measurements begin 6 hours after the fold
appeared above the site. Only the end of the tropopause fold-
ing is observed, as indicated by the iso-line PV = 1. In the
same ﬁgure, vertical west-east cross section are also drawn:
the wind ﬁeld (in m/s) and the temporal evolution of the iso-
potential vorticity PV = 3.5 PV units (heavy green line),
used as a tracer of the thermal tropopause (Hoerling et al.,
1991; Ovarlez et al., 1999). These complementary data are
derived from the ECMWF analysis.
In the stratosphere, parallel turbulent layers generally
aligned along the isotachs are observed in the wind shear re-
gions associated with the jet stream. The lower one is ob-
served between the isotachs 40 and 50 m/s and follows the
iso PV = 3.5, after midnight. Three other turbulent layers,
separated by a vertical distance of about 600m, are observed
above the lower one. After 2000 UT, the layers number 2 and
4 vanish. These layers have a thickness of the order of 100m
and are separated by non turbulent regions; however, some
of them, the more active ones, have a thickness greater than
300m. Between 1800 UTC and midnight, the altitude of the
thermal tropopause progressively increases about 1km and is
setup just below the lower turbulent layer. After 2100 UT, the
mean value estimate of the energy dissipation rate associated
with this turbulent layer, when using the C2
n method (Dole
and Wilson, 2000), is approximately ε = 8·10−4 m2s−3, and
the vertical diffusivity is found in the range of 0.5 < Kz < 1
m2s−1. Same values are obtained when using the semi spec-
tral width shown in Fig. 9, and the method proposed by We-
instock (1981) and Hocking (1983). This turbulence is able960 F. Bertin et al.: Mixing processes in a tropopause folding
 
 
Fig. 9. Comparison of the turbulent ﬁeld observed by the PROUST
radar, with the stability structures detected by the Raman lidar. In
order to take into account the advection of the fold, a time shift of 9
hours has been applied to the radar observations, while an altitude
shiftofabout0.5kmhasbeendoneinordertohavethebestpossible
continuity between the isentropes deﬁned by the ECMWF model at
Saint Santin and observed by the Raman lidar at OHP site.
to give rise to exchanges between the stratosphere (above the
PV = 3.5 iso-line) and the region edged by the PV = 1
surface, which is connected to the fold, as shown in Fig. 5b.
In the troposphere (below the iso-line PV = 1), the anal-
ysis is more complicated, since at the UHF PROUST radar
frequency, clouds also give rise to radar echoes. Drizzle con-
tribution (equivalent radar reﬂectivity of 0 dbZ) gives a C2
n
of approximately 10−13 m−2/3, while cloud power return is
observed to range between one and two orders of magni-
tude weaker. After midnight, radar echoes obtained below
the PV = 1 iso-line (with spectral width less than 0.2 m/s
and C2
n > 10−15 m−2/3) could be the signatures of cirrus
clouds. No convective activity (giving successive updraft and
downdrafts) is observed in the troposphere during this time
interval.
4.1 Comparison with the OHP lidar results
In order to make this comparison, a time shift of 9 hours must
be done, corresponding to the advection time of the fold be-
tween both sites (see Table 1, last column). Under these con-
ditions, the structures observed after 1500 UT at Saint Santin
must be compared with those observed after 00 UT at the
OHP site. In the upper troposphere and lower stratosphere,
the air mass displacements follow the isentropes. Thus, when
comparing the results obtained in both sites, it is of primary
importance to emphasize the altitude continuity of the isen-
tropes determined by the model or observation in each site.
This continuity is roughly obtained by a downward vertical
shift of approximately 0.5km of the PROUST results. Tak-
ing into account these time and altitude shifts, it may be no-
ticed that the turbulent layers observed by the PROUST radar
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Fig. 10. Meridional wind ﬂuctuations observed by the Lannemezan
VHF radar. In the same cross section, the wind ﬁeld (broken lines,
in m/s), observed by the Lannemezan radar, and iso lines PV = 1
and PV = 3.5·10−6 m2 s−1 K kg−1, (blue lines) derived from the
ECMWF analysis, are also shown.
above the thermal tropopause are parallel to the strongly sta-
ble region observed by the Raman lidar. A more careful com-
parison shows that the two lower turbulent layers are located
on both sides of the main stable layer, in regions of weaker
static stability, Thus, conﬁrming that turbulence and partial
reﬂection are met in this wind shear region.
The main information provided by this comparison is that
both stable and turbulent layers are parallel to the wind iso-
tachs. This particular conﬁguration could be considered as
the signature in this upper level wind shears of unstable
inertia-gravity waves of short wavelength type, giving rise
to both turbulent and stable layers. The same hypothesis has
been already suggested in Sect. 3, when analysing the results
obtained by the ozone lidar in the lower level wind shears.
In order to test this hypothesis, it would be interesting to
study the wind ﬂuctuations in the wind shear regions over a
time interval of at least 36 hours. Such a dataset is available
from the results obtained by the Lannemezan radar. There-
fore, applying the frozen ﬁeld hypothesis for the wind ﬁeld,
the wind ﬂuctuations observed by the Lannemezan radar are
compared, in what follows, with the turbulent ﬁeld observed
by the PROUST radar.
5 AnalysisofthewindﬂuctuationsobservedbytheLan-
nemezan radar, and comparison with the turbulent
ﬁeld observed by the PROUST and OHP radars
Figure 10 shows the structures of the meridional wind per-
turbations observed by the Lannemezan radar. These struc-
tures have been obtained after a high pass ﬁltering on each
vertical proﬁle, followed by a low pass temporal ﬁltering.
Also shown in the same ﬁgure is the wind ﬁeld (black bro-F. Bertin et al.: Mixing processes in a tropopause folding 961
ken lines), as observed by the Lannemezan radar, and the
iso-lines PV = 1 and 3.5 PV units, as tracers of the fold and
thermal tropopause, respectively. Oblique contours of wind
perturbations are observed in the wind shear regions associ-
ated with the jet stream. They correspond to equi-phase lines
(or lines of constant intensity) of the wind ﬂuctuations. The
altitude of these contours decreases as a function of the time
below the jet stream axis and increases above it.
Several observations already reported in the literature in
jet stream situations show such structures of wind ﬂuctua-
tions quasi aligned along the jet stream isotachs (Kilburn et
al., 1995; Chilson et al., 1997; Thomas et al., 1999; Bertin
et al., 1999). In all cases, the altitude of these structures in-
creases above and decreases below the jet stream axis. In the
case of the observation reported by Thomas et al., the authors
explain the structure formed by the equi-phase lines by the
presence of gravity waves propagating in the same direction
as the jet stream, with an energy transported downwards in
the troposphere and upwards in the stratosphere. The verti-
cal wavelength and period of these waves was approximately
3km and 10 hours, respectively.
In the present analyzed case, shown in Fig. 10, the same
type of analysis (construction of hodographs of the pertur-
bated velocity based on the mean values of meridional and
zonal winds over 1 hour and 360m altitude range) indicates
the presence of an inertia-gravity wave of approximately 7
hours and 4km in vertical wavelength. It may be noted that
the equi-phase contours δv = +1.5 m/s and δv = −1.5
m/s are both observed within the fold (deﬁned by PV = 1),
along the isotachs 30 and 50 m/s, respectively. In the wind
shear situated above the jet stream axis, the equi-phase con-
tours δv = +1 m/s and δv = −1 m/s are also observed
between the isotachs 30 and 40 m/s, respectively. These ob-
servations are in good accordance with the turbulent layers
detected in the same lower and upper wind shear regions by
the OHP and PROUST radars, when the corresponding time
shift (due to the PV anomaly advection) is taken into ac-
count. This good correlation is compatible with the presence
of an inertia-gravity wave in this region.
6 Concluding remarks
Thecoordinatedcampaignpresentlyanalyzedwasdevotedto
the study of the air mass exchange between the troposphere
and the stratosphere during a tropopause folding episode.
This subject has been addressed by several authors during the
last ten years through observations by ST radars (Nastrom et
al., 1989; Bertin et al., 1995; Campistron et al., 1999), by
the modeling of case studies (Ebel et al, 1991; Lamarque and
Hess, 1994; Wirth, 1995), and through meteorological analy-
sis, radiosonde data and satellite data (total ozone and cloud
images) (Price and Vaughan, 1993; Ancellet et al., 1994).
Tropopause folds are known as regions of vigorous mixing,
especially in summer. The mixing at the tropopause level in a
cutoff cyclone has been stressed in the observational work of
Shapiro (1980) and Danielsen (1987), but is also expected
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Fig. 11. Schematic representation of the mixing process observed
by the radar and lidar network in the observed tropopause folding
and in its vicinity . Turbulence regions (in red) occur in wind shear
regions generated by the jet stream (i) within the fold and along its
anticyclonicboundary, (ii)justabovethethermaltropopause(PV =
3.5 PV units).
at the bottom of a deep trough with high vorticity, if one
follows the theoretical analysis of Hoskins and Bretherton
(1972). According to Lamarque and Hess (1994), penetra-
tion of cumulonimbus anvils in the lower stratosphere, fol-
lowed by radiative destabilization, may also be a signiﬁcant
mechanism for exchanging air between the troposphere and
the stratosphere.
In case study presently analysed, no convective activity
has been observed by the PROUST radar in the upper tropo-
sphere; however, the probable presence of cirrus clouds has
been noticed after T0 + 10 h. The observations performed
by the operational network seem to conﬁrm that the mixing
processes between stratospheric and tropospheric air masses,
during a tropopause folding episode, are closely associated
with the wind shears generated by the jet stream. Regions of
intense turbulent activity are observed in the lower and upper
windshearsandareabletogeneratemixingbetweenthefold,
and the troposphere and the stratosphere, respectively. From
these observations, the following scenario, summarized in
Fig. 11, could be suggested:
1) The fold is continuously fed by air masses of strato-
spheric origin (blue-green arrow in Fig. 11), coming from the
North along the trough formed by the PV anomaly, shown in
Fig. 1 (Danielsen et al., 1987), and continuously mixing with
tropospheric air by a turbulent activity setup along its anti-
cyclonic border (PV = 1 iso-line) due to strong wind shears
occurring in this region (see Fig. 5);
2) Saturated internal gravity waves of short vertical wave-
length, generated by the jet stream, might (as suggested by
Danielsen et al., 1991) enhance the efﬁciency of the quasi
horizontalturbulenttransportsalongtheisentropes(seeFig.4);
3) Turbulent exchange between the stratosphere and the
region (connected to the fold) stretching below the thermal
tropopause (PV = 3.5) and bounded by the potential vortic-
ity surface PV = 1, are also induced by the turbulent activity962 F. Bertin et al.: Mixing processes in a tropopause folding
observed in the upper level wind shears (just above the ther-
mal tropopause) by the OHP radar (Fig. 5b) and the UHF
PROUST radar (Fig. 8);
4) The dispersion within the troposphere of the air masses
of stratospheric origin, transferred by the turbulence through
the PV = 1 surface within the troposphere, seems to be de-
tected by the VHF radars aspect ratio. This dispersion is
observed to spread over a large area (Figs. 6a and 7a), and
seems to primarily depend on wind shears and vertical diffu-
sivity intensities. Its efﬁciency could be estimated from the
semi empirical equation proposed by Schumann et al., 1995.
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